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Abstract As atmospheric CO2 levels continue to rise so too does the risk of severe impacts. Scientists
clearly have an important role to play in preparing for and responding to climate change impacts;
however, calls by scientists for global action have not led to the required changes. It is timely, therefore, for
scientists to critically consider their own approach toward climate change research, particularly if we are to
ameliorate or adapt to unwanted outcomes. Here we present three different pathways that allow scientists
and scientiﬁc institutions to conceptualize the implications of their responses to climate change scenarios.
These pathways are illustrated via three plausible futures for the marine environment under climate change.
This approach allows future responsibilities, outcomes, and implication to be explored within and across
pathways and can be applied to different scenarios for scientists and scientiﬁc institutions to anticipate and
better prepare to contribute effectively to the future.
Plain Language Summary There is mounting evidence that impacts of climate change pose
signiﬁcant risks to society and human well‐being. The pace of large‐scale action on climate change is,
however, insufﬁcient to substantially reduce the likely future impacts. These are risks that this generation is
imposing on future generations. In this context we outline a framework for scientists and scientiﬁc
institutions to explore and assess the outcomes and implications of choosing different pathways (inactive,
reactive, and proactive) in response to climate change. We developed three illustrative examples of plausible
futures under climate change to demonstrate the implications of each of these pathways. We also outline a
conceptual framework based on three factors: (i) potential to mitigate, (ii) impact of risk, and (iii)
uncertainty in science that will assist scientists and scientiﬁc institutions to make informed decisions
regarding their responses to global environmental change.
1. Introduction
Climate change science is broadly accepted by decision makers and society (Frost et al., 2017). The World
Economic Forum listed extreme weather events, natural disasters, and failure of climate change
adaptation and mitigation in the top ﬁve risks, both in terms of impact and likelihood, in the 2018
Global Risk Landscape (http://reports.weforum.org/global‐risks‐2018/global‐risks‐landscape‐2018/#land-
scape, accessed 12 February 2018). The United Nations Framework Convention on Climate Change
Paris Agreement was ratiﬁed by 195 countries in 2015, but does not explicitly outline actionable
commitments for reducing carbon emissions (Mahapatra & Ratha, 2017). Without strong action,
remaining 2 °C below preindustrial temperatures by 2100 seems unlikely (Clémençon, 2016), meaning
that signiﬁcant change to natural and food production systems is unavoidable (Cheung et al., 2016;
Guiot & Cramer, 2016). The Paris Agreement did, however, overcome previous conﬂicts between
developing and developed counties (Cornwall, 2015) and provided a trigger for increased climate change
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action by individual nations in the future (Clémençon, 2016). Nonetheless, climate change knowledge and
concern has not resulted in global responses commensurate with warnings communicated by scientists
(Rosenschöld et al., 2014) in 25 years of Intergovernmental Panel on Climate Change (IPCC) reports
(IPCC, 2007, 2014), or the Union of Concerned Scientists “warnings to society” signed by over 1,500 scien-
tists in 1992 and by over 15,000 scientists from 94% of the world's nations in 2017 (Ripple et al., 2017). In
addition, scientists have publically called on the United Nations (UN) to act, as the UN Food and
Agricultural Organization reports that food prices are rising and extreme climate events increasingly
threaten food security (Campbell, 2014).
Changes in the marine environment are also occurring at an unprecedented rate (Hewitt et al., 2016), with
increases observed in ocean temperatures and extreme events such as heat waves (Oliver et al., 2018), anoxic
events (Weatherdon et al., 2016), and ocean acidiﬁcation (Hoegh‐Guldberg et al., 2017). It is likely that the
majority of climate change impacts will have predominantly negative outcomes for society (e.g., ﬁsheries
decline (Descombes et al., 2015)). Expectations are that species invasions (Grieve et al., 2016), range shifts
(Deutsch et al., 2015), extinctions (Stuart‐Smith et al., 2015), coastal erosion (de Winter & Ruessink, 2017;
Toimil et al., 2017), and altered system function (McDowell et al., 2016) will continue to occur in the future.
These changes will affect society through alterations in the availability of food and human well‐being
(Blasiak et al., 2017). It is critical to develop adaptation responses to ameliorate the worst outcomes
(IPCC, 2014).
Given the identiﬁed impacts and risks it would seem appropriate for scientist to focus on (1) mitigation to
reduce greenhouse gas emissions, (2) adaptation to increase society's capacity to cope with changes in cli-
mate, and (3) knowledge‐based efforts to learn and understand more about the manifestations of climate
change impacts (Higgins, 2014). For example, there is high certainty that climate change will cause major
impacts on marine systems; however, there is uncertainty around the timing, manifestation, and extent of
impacts under different climate change projections. As a result, climate scenarios, such as the
Representative Concentration Pathways (RCP; IPCC, 2014; Riahi et al., 2017), have been developed to
describe future climate change based on greenhouse gas emissions (IPCC, 2007; van Vuuren et al., 2011).
Shared socioeconomic pathways have been deﬁned for these RCPs, highlighting the land use, energy, trade,
and other broad implications under various scenarios (Riahi et al., 2017). While there have been attempts to
create comparable global marine scenarios (Maury et al., 2017), regional marine scenarios with more
detailed elaboration are required to underpin adaptation efforts by scientists, resource users, and
decision makers.
Scientists should anticipate and assess likely changes and also work with other stakeholders to co‐develop
the knowledge needed to help society respond to changes (Boyd et al., 2015; Rogers et al., 2015). One obstacle
to climate change mitigation and adaptation efforts has been tension between environmental, economic,
institutional, and societal considerations (McDonald et al., 2018), and the agendas of different stakeholders
(Holland & Pugh, 2010). Consequently, even proponents of climate change action, including government
agencies setting policy and regulation, private sector corporations, and individuals, generally fail to fully
implement actions consistent with scientiﬁc advice (Arvai et al., 2006; Dutra et al., 2014).
As well as providing information and advice, scientists and scientiﬁc institutions will also need to adapt.
Generally, humans are challenged by understanding and valuing the long‐term consequences of decisions
and actions, and scientists are no different (Patrick, 2015). Foresighting is one‐way scientists can co‐develop
scenarios, anticipate the future, and plan critical research activity (Selmer‐Anderssen & Karlsen, 2016;
Piirainen et al., 2016). Foresighting exercises usually aim to confront decision‐makers with a set of contrast-
ing, alternative, plausible, and coherent future scenarios that are intended to challenge assumptions that the
future will be much like the present or follow a “business‐as‐usual” trajectory. Foresighting has a long his-
tory in corporate, military, and to some extent political circles (Hammoud & Nash, 2014), and is being
increasingly applied in climate science to identify opportunities and risks in a changing world (Cook
et al., 2014; Francis et al., 2011).
Our group of interdisciplinary scientists worked over a two‐year period to develop ocean foresights—with a
focus on the future of science, scientists, and institutions under climate change. Science here is used inclu-
sively across the spectrum of research addressing climate change. We developed a range of foresights, but
here we explore three illustrative examples of possible futures and the implications for marine scientists
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(as individuals) and institutions (collective groups of scientists often from private or public research organi-
zations or universities) under climate change. We present three different response pathways (proactive, reac-
tive, and inactive) to conceptualize the implications for marine scientists and institutions.
2. Pathways of Response for Scientists
Scientists have a spectrum of potential responses to different futures from inaction (Watson, 2016) to proac-
tive strategies (Grant et al., 2017). In principle, scientists and scientiﬁc institutions can choose what research
they conduct (i.e., what questions to address). Scientists also have choices about delivering their ﬁndings:
they can publish peer‐reviewed articles, write popular accounts to reach a broad audience, provide expert
advice into formal institutional decision‐making processes, or deliver conﬁdential information to govern-
ments and private corporations. A preferred response is determined by an individual's personality traits, psy-
chology, value‐focused thinking (Siebert & Kunz, 2016), and by traditions and values of their institutions
(Stephenson et al. 2017; Walters, 1997).
Conceptualized pathways for climate change adaptation are a foresighting approach used to support and
guide informed decision‐making (Fazey et al., 2015). The pathways approach has been traditionally used
to emphasize the need for robust decision‐making in adaptive planning and focuses on well‐deﬁned situa-
tions (Wise et al., 2014). Our pathways approach focuses on the decision‐making process under uncertain
conditions for determining the possible responses (proactive, reactive, and inactive) that can be taken by
scientists and science institutions to adapt to potential futures under climate change (Figure 1).
2.1. Inactive Pathway
An inactive pathway approach is where scientists and institutions do not engage in research to support adap-
tation to climate change impacts (Figure 1). This pathway is likely to be followed when (1) there is little value
placed on the system being affected; (2) the climate impacts are, or are perceived to be, low (van Putten et al.,
2016; Yousefpour et al., 2017); and (3) the costs of acting outweigh the beneﬁts that are received (Rodríguez‐
Labajos, 2013). The inactive pathway can also be preferred when following a reactive or proactive pathway of
response would put institutions at a disadvantage (e.g., in terms of funding or opportunities) compared to
their competitors (Finke et al., 2016).
2.2. Reactive Pathway
The reactive pathway is characterized by scientists and institutions operating to alleviate the undesirable
impacts associated with climate change (Figure 1; Bardsley & Sweeney, 2010). Given the hysteresis of the
global climate system, reactive adaptations made after an impact may be adopted too late to reduce the like-
lihood of additional, similar impacts in the future (Jackson et al., 2017). A reactive pathwaymay be an appro-
priate response to climate change based on cost–beneﬁt trade‐offs and could be effective when robust
monitoring programs are in place to characterize impacts and evaluate management strategies (Etkin
et al. 2012). The reactive pathway, however, can be slow to realize opportunities to exploit, or beneﬁt from,
in a changing world (Wickramasinghe & Gamage, 2013). Institutions, for example, can be reactive by estab-
lishing a research group when an external funding opportunity arises, rather than proactively committing to
a research agenda.
2.3. Proactive Pathway
Under a proactive pathway, scientists and institutions seek evidence to reduce the risk of undesirable climate
change impacts occurring in the future (Grant et al., 2017; Stockdale, 2013). Previously, proactive responses
to climate change futures have not been sufﬁciently incorporated into strategic or anticipatory planning, due
to shorter‐term priorities (Hobday & Cvitanovic, 2017), and reliance on approaches embedded in existing
institutional and governance frameworks (Rosenschöld et al., 2014). Proactive choices by deﬁnition rely
on predictions about future events or challenges that are subject to uncertainty. For social decision‐making
to be proactive and scientiﬁcally informed, then scientiﬁc investment is needed to make useful predictions
(Hobday et al., 2016; Salinger et al., 2016; Tommasi et al., 2017). The potential beneﬁts of proactive
approaches are becoming increasingly recognized as they can avoid some of the issues that would lead to
a crisis in reactive mode alone. Proactive approaches can also give stakeholders a longer time frame to adapt,
for example, in species conservation (Grant et al., 2017) and socio‐economic sectors (Amelung & Nicholls,
2014), and can even capitalize on ecosystem change.
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Figure 1. Climate change presents opportunity for a spectrum of pathways of response by scientists and scientiﬁc institutions to potential future change scenarios.
These pathways (inactive, reactive, and proactive) have different outcomes and impact on science. The three future scenarios for the marine environment that are
discussed in the text are: (1) commercial ﬁsheries and trade, (2) coastal communities, and (3) species conservation.
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3. Future Scenarios
To illustrate these response pathways we present three examples of future scenarios that provide a
mechanism for individual (scientist) and collective (institutional) reﬂection on trajectories and possible
implications of responses, such as opportunities and risks, which can arise from decisions made under
uncertainty (Figure 1; Bohensky et al., 2011). In these scenarios, economic, social, cultural, and ecological
values of marine systems will change and, while each scenario is discussed independently, they may also
occur concurrently. These scenarios are not explicitly tied to a time period, as they may emerge at different
times in different regions, but are likely within the next 10 to 50 years. Three scenarios under climate change
were the focus: (1) commercial ﬁsheries; (2) coastal communities; and (3) species conservation, as
described below.
3.1. Future 1: Commercial Fisheries and Trade
Climate change predictions indicate that there will be reduced global food production (Dawson et al., 2016;
Wheeler & von Braun, 2013) including seafood (Barange et al., 2014). Declining seafood stocks occur due to
replacement with less palatable species, habitat modiﬁcation, pollution, and overharvesting. Thus, ﬁsh
markets experience increases in seafood prices as supply falls and with the cost of delivering product to
market (Groeneveld et al., 2018). These effects are ampliﬁed regionally, as seafood becomes too expensive
for local communities to access (Figure 1).
3.1.1. Inactive Pathway
Scientists are not involved in providing scientiﬁc evidence or expert advice to commercial ﬁsheries and
related industries to support adaptation strategies that maintain seafood supply and equitable access
(Figure 1, and Figure 2). Decreasing investment in science investigating the cumulative impacts of climate
change and other stressors, such as overﬁshing and pollution, eventually lead to impoverished marine envir-
onments and reductions in sustainable food supply. This, combined with overall decreases in the global food
production, could create social conﬂict, with scientists unable to provide evidence that prevents adverse cli-
mate change impacts, for example, the widespread collapse of ﬁsheries.
3.1.2. Reactive Pathway
Scientists develop responses to offset declining commercial ﬁsheries production and the increasing cost of
seafood (Figure 1, and Figure 2; Bell et al., 2013, 2017). These responses could include moving ﬁsh farms
to more productive regions of the ocean and investigating sustainable methods for high‐intensity farming,
such as genetic modiﬁcation (e.g., selective breeding) of targeted ﬁsh species, providing them with increased
resilience to climate stressors, while constraining capture ﬁsheries to reduced quotas. There is increased
focus on marine resources as terrestrial‐based food production also decreases with a lack of arable land
and water shortages across tropical and warm temperate regions of the planet (Elliot et al., 2014;
Rosenzweig et al., 2014). Scientists research and understand the nature of the impacts being experienced,
such as decreased recruitment or increases in anoxic events that inﬂuence the availability and distribution
of targeted ﬁsh species. Scientists, however, will have to balance the time required for scientiﬁc rigor and
effort involved in collecting information with delivering that information in time for action to be taken by -
decision‐makers.
3.1.3. Proactive Pathway
Commercial ﬁsheries and related industries work collaboratively with marine scientists to implement
artiﬁcial intelligence and technological solutions to assist with climate adaptation and transformation, to
get ahead of the change, and to adapt in space and behavior in preparation (Figure 1, and Figure 2). For
example, ﬁsh farms are developed that can vary animal depth with temperature and use integrated multi-
trophic level assemblages (to minimize waste and maximize production), and industry invests in the crea-
tion of smart methods and tools to plan, track, and catch targeted ﬁsh species. This pathway could be
preferred where there is an increasing dependence on marine food sources, and acceptance that commercial
ﬁsheries as currently operating methods will fail to meet demand in the future. The outcome of this scenario
is that there is conﬁdence in climate change science, which facilitates interdisciplinary research into exploit-
ing opportunities from the changing environment, for example, the development of new aquaculture
approaches and extension of multitrophic level aquaculture to maintain food availability and support com-
mercial ﬁsheries industries. Anticipating the future can be risky for scientists when there are major social
implications, such as sustaining food security through informing ﬁsheries management.
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3.2. Future 2: Coastal Communities
Low‐lying coastal communities will be at increasing risk of inundation from sea level rise that will also
increase insurance and decrease property values (Figure 1, and Figure 2; McNamara et al., 2011). An
increase in the occurrence of harmful algal blooms and jellyﬁsh outbreaks from stressed ecosystems under
global change deter visitors to coastal regions resulting in harm to local economies. Recreational use of
Figure 2. Outcomes of three future marine scenarios for scientists under each of the pathways in Figure 1.
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marine resources declines (due to the degraded state) leading to a change in societal behaviors.
Contamination makes some seafood unsuitable for market, thereby limiting the options available to consu-
mers (Figure 1; Groeneveld et al., 2018).
3.2.1. Inactive Pathway
A lack of investment in research results in a large amount of uncertainty and limits the ability of the
scientiﬁc community to inform adaptation and mitigation strategies (Figure 1, and Figure 2).
Consequently, coastal communities decline as a result of decreasing local economic activity associated with
infrastructure damage from sea level rise, and the failure of local marine industries. Decision‐making
frameworks break down, exacerbated by the lack of investment in science. Planning by coastal communities
is based on a best guess approach that involves limited scientiﬁc input and involvement. Climate change
scientists reduce their inﬂuence and contribution to decision‐making frameworks and society.
Consequently, investment in resources, such as monitoring systems for sea level rise, is further decreased
and existing scientiﬁc infrastructure decommissioned.
3.2.2. Reactive Pathway
Following signiﬁcant impacts, scientists commence work with community members and decision‐makers to
implement adaptation strategies, such as the protection or relocation of coastal communities, and other
evidence‐based adaptation options, in response to inundation and resource availability changes (Figure 1,
and Figure 2). These changes could include alterations to species range distributions, tourism values, recrea-
tion and increased coastal erosion. As coastal erosion intensiﬁes there is increased pressure on scientists to
provide information that can assist decision‐makers and society to minimize the negative impacts of climate
change. Scientists provide options to decision‐makers to alleviate the immediate and short‐term impacts of
climate change, such as seawalls.
3.2.3. Proactive Pathway
Scientists seek approaches that allow coastal communities to adapt and even to capitalize from climate
change threats before the worst impacts occur (Figure 1, and Figure 2). This research could include the
development of ﬂoating and semisubmerged infrastructure for buildings and bridges. A productive partner-
ship between scientists and decision‐making emerges to offset climate change impacts before they occur. As
a consequence adaptation and anticipatory actions are successful and environmentally appropriate. For
example, support walls constructed to reduce erosion also provide increased habitat complexity and support
the development of critical habitat, and facilitate mangrove growth in areas likely to be affected by sea level
rise (Morris et al., 2018). Opportunities are identiﬁed for the strategic resettlement of coastal communities
to places with increasing and stable resources, and development of innovative technologies occurs.
3.3. Future 3: Species Conservation
Altered species distributions and increased shipping bring novel species into ecosystems, making it
increasingly difﬁcult for native species to adapt to climate change pressures (Figure 1, and Figure 2).
Many iconic species are experiencing the impacts of climate change, such as turtles with changing sex ratios
(Abella‐Perez et al., 2016; Santidrián‐Tomillo et al., 2015) and albatross with declining survival (Thomson
et al., 2015). The cumulative impacts of invasions, other stressors, and climate pressures in the future lead
to a greater extinction risk for many species of conservation concern (Isaac & Williams, 2013). Coastal ero-
sion from increased extreme events, sea level rise, and changes in wave energy patterns impact on the quality
and area of intertidal zones and other coastal habitats, such as sand dunes and salt marshes (Clausen &
Caulsen, 2014; Pendleton et al., 2011). Impairment of these habitats has detrimental effects on the biodiver-
sity and function of coastal environments (Wetzel et al., 2012).
3.3.1. Inactive Pathway
Scientists are increasingly unable or unwilling to engage in adaptation research and planning, such as for the
conservation of species that might become increasingly endangered under a predicted future climate
(Figure 1, and Figure 2). This could arise where, as climate impacts intensify and available budgets for action
shrink, there is a greater pressure placed on scientists to have the information before any investment is
made. This new demand on scientists could result in a breakdown in evidence‐based decision‐making fra-
meworks and scientists making a reduced contribution to climate change adaptation planning.
Opportunities for threatened species intervention are missed as the risk of taking action that may be viewed
as unsuccessful is deemed too high.
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3.3.2. Reactive Pathway
Scientists create a triage list of species to prioritize their research efforts as
widespread extinctions become imminent. Altered species range
distributions, for example, cause localized extinctions and novel species
alter ecosystem structure and function (Figure 1, and Figure 2;
Mccauley et al., 2015; Wernberg et al., 2011). Scientists guide triage deci-
sions regarding sustaining species with higher resilience to climate
impacts, protecting sensitive or iconic species, or commercially
valuable species.
3.3.3. Proactive Pathway
Scientists develop bio‐engineering techniques to plan for species
conservation under climate change (Figure 1, and Figure 2). Large‐scale
lime additions to the marine system to lower ocean acidiﬁcation, for
example, are evaluated before acidiﬁcation reaches catastrophic levels.
Investment in wave energy results in a decrease in carbon‐intensive
energy that in turn boosts the potential for success for mitigation and
adaptation strategies. Stakeholder investment and collaboration in
research boosts the success of these strategies. Ecotourism industries rely
on scientists to provide information that can assist in the conservation of
iconic species and hot spot locations. Iconic and commercially valuable
species are targeted by research to help decision‐makers better prepare
for the future. Scientists test a diverse set of strategies, such as building
artiﬁcial ecosystems or genetically modifying thermal tolerances (van
Oppen et al., 2017), to aid species undergoing range shifts.
4. Future Challenges for Scientists and
Scientiﬁc Institutions
Responsibility is often placed on scientists and their institutions to assess
the risk of climate change and communicate this risk to the broader
community (Shakhashiri & Bell, 2014). Many arguments that lead to an
inactive response pathway (Figure 1) are based on uncertainty
(Lewandowsky et al., 2015; Morgan & Mellon, 2011). There always will be scientiﬁc uncertainty when deal-
ing with dynamic and complex systems, or future planning generally (Gleick et al., 2010); however, this only
increases the need for robust scientiﬁc evidence to be included appropriately in decision‐making under
uncertain conditions (Stern et al., 2016). Risk assessments are becoming more commonly applied by scien-
tists and decision‐makers to balance future uncertainty and assess the most appropriate course of action to
take under various climate change scenarios (Aslam et al., 2018; Rizzi et al., 2016; Snover et al., 2013), such
as by the National Risk Register of Civil Emergencies in the United Kingdom (United Kingdom Cabinet
Ofﬁce, 2017). The risk assessment approach can be applied to determine which pathway of response
(Figure 1) is the most appropriate to take under climate change based on the uncertainty, risk, and probabil-
ity (Figure 3). The risk‐based approach highlights two situations when inactive or reactive pathways should
be avoided: (1) when the risk is catastrophic, regardless of the uncertainty in science, and (2) if the opportu-
nity to mitigate in the future will no longer be possible. A further consideration is that the risk imposed by
climate change increases with the time to achieve mitigation because historical emissions are already pre-
sent in the system. It is possible that adopting reactive or inactive pathways will result in greater reliance
on scientists and scientiﬁc institutions as effects of climate change increase (Smith & Stern, 2011). This could
see scientists balancing the expectations for rapid advice from society and stakeholders with the time needed
for rigorous and robust scientiﬁc investigation that informs the advice.
Deciding which pathway of response to follow (Figure 1) will be an ongoing challenge for scientists and
scientiﬁc institutions and could put them in conﬂict with decision‐making bodies and stakeholders. It will
be partly determined by serendipity, personalities involved, funding opportunities, social attitudes, and
willingness and the political climate. A risk assessment approach to deciding the pathway of response
may assist scientists and institutions overcome these differences with stakeholders (Figure 3). There is the
Figure 3. A hypothetical situation for two futures, one with major impact
anticipated and one with a minor impact. In the case of minor impact,
there is little advantage in a proactive pathway, relative to reactive or inac-
tive pathway. For major impacts, a proactive approach taken early where
uncertainty in science is low (L) leads to the greatest reduction in impacts,
compared to a proactive approach where uncertainty in science is higher (H)
and action might be delayed. When an event or threshold triggers a reactive
pathway (bullet), the impact is decreased compared to an inactive pathway
of response. The increase in impact that occurs after a pathway is taken as a
consequence of time lags in ecosystem response due to historic emissions is
denoted by ΔI. The potential to mitigate will become more difﬁcult in
situations with major or severe impact and a delayed response time. Our
conceptual model assumes a consistent ampliﬁcation of impact with time
under the inactive pathway (i.e., there is no substantial increase or decrease
in forcing mechanisms).
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potential for conﬂict with governance bodies and stakeholders to arise if social acceptability is not
considered when developing adaptation options (Hobday et al., 2015; Jones & Clark, 2014). It may therefore
be necessary for climate scientists to consider four possible outcomes when choosing a pathway of response
(Funtowicz & Ravetz, 1990):
1. If scientists are inactive and a warning is not provided, scientists could be held responsible for having
exposed society to threats or missed opportunity.
2. If scientists are reactive and provide options in response to events as they happen, scientists may be held in
high esteem for providing solutions, but it may equally result in ultimately being overwhelmed and held
responsible for any costs associated or for missed opportunities.
3. If a warning is proactively provided by scientists but not acted upon by governance bodies, scientists may still
be held responsible for not communicating the warning with enough urgency.
4. If a warning is provided, acted upon proactively, and damage avoided, it may lead to growing trust and
rapport between science providers and decision makers and society, or efforts put into averting impacts
could go unacknowledged by the broader community, potentially leading to accusations of alarmism.
In all cases it is imperative scientists continue to build and maintain relationships with managers and
stakeholders (Lacey et al., 2018).
Preferred pathways may also differ between scientists and their institutions. This is exempliﬁed when scien-
tists seek to comment on their chosen subject or pathway. Scientists face great conﬂict regarding the decision
to speak or stay quiet on issues that challenge society. A long‐held view by some scientiﬁc agencies is that
individual comment by scientiﬁc employees on policy, particularly climate policy, is not acceptable. Other
individuals and institutions have strongly argued that scientists have a responsibility to speak publicly on
such issues. The American Fisheries Society, for example, include a statement in their code of conduct that
make the provision for individuals to speak out on occasions when their professional convictions are at odds
with policies or actions of institutions (http://orafs.org/code‐of‐ethics/). Despite this, conﬂicts between
scientists and their institutions are relatively common, and have led to scientists being gagged, disciplined,
and in extreme cases, led to resignations or terminations of employment (e.g., Pincock, 2009). This is exacer-
bated by inconsistency in communication approaches across institutions. The situation could be improved
with proactive planning by institutions and their scientists. Challenges identiﬁed in proactive planning
include the need for institutional consensus, the merging of personal views with scientiﬁc evidence, and
uninformed comments which undermine progress. With increased use of social media, scientists are more
vocal in commenting on policy and societal issues (Galetti & Costa‐Pereira, 2017). It remains to be seen if
institutions will support individuals that comment against particular institutional policies or
response pathways.
5. Outcomes of Response Pathways
There is substantial consensus in the scientiﬁc community about climatic change (Maibach et al., 2014).
Nevertheless, the difﬁculty of transferring information on the risk, cost of inaction, and consequences of cli-
mate change to other sectors in society, and the lack of large‐scale action, has led to the view that it may be
too late to alter the Earth's trajectory of change, even if emissions were dramatically reduced (Sanderson
et al., 2016). Scientists may have a preferred response pathway for a future, but may choose not to advocate
for that pathway for fear of adverse perceptions on their credibility and role in providing information. Beall
et al. (2017) found that scientists that advised on noncontroversial issues increased their perceived credibility
to the public; however, scientists that advised on controversial issues received more mixed public opinions
on their credibility and skepticism over their motivations. As outlined in our scenarios, it is relatively easy
for scientiﬁc institutions to be reactive, directing effort and investment to areas where there is already strong
demand and available funding. Institutions, however, also need to be proactive, in order to detect and antici-
pate future problems which are not yet apparent to society, and to produce timely information and advice for
problems which are looming but have not yet attracted social priority and reaction. Melvin et al. (2017), for
example, predicted that the cumulative expenditure on climate‐related damage to Alaskan public infrastruc-
ture between 2015 and 2099 would decrease from $5.5 to $2.9 billion under RCP8.5 and from $4.2 to $2.3
billion under RCP4.5 with the adoption of proactive responses. A movement toward proactive pathways
(Figures 1 and 3) as the default response to climate change will entail better communication of the risks
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and the associated uncertainty of probabilities in science and decision‐making (Rabinovich &Morton, 2012).
The range of possible outcomes and impacts for scientists and scientiﬁc institutions in each response path-
way outlined in the future scenarios (Figure 1) highlights that both have a vested interest in the response
pathways followed.
The outcomes for scientists and scientiﬁc institutions will vary not only with the response pathway
(Figure 1) followed, as shown in our scenarios, but also with the timing of when scientists follow that path-
way. Scientists and science institutions need to be aware that the actions taken (or not taken) in regards to
climate change will alter the possible response pathways that are available to them in the future (path depen-
dency) and, therefore, a failure to act may be seen as abrogating the responsibilities expected of scientists by
society and stakeholders. In Figure 3, for example, following a reactive pathway with major risk and high
certainty in science would limit the ability to change to a proactive path and thus would be an inappropriate
pathway of response. Foresighting possible climate change futures, such as the examples provided in this
paper (Figure 2), exploring pathways of response (Figures 1 and 3) may assist scientists and scientiﬁc institu-
tions to conceptualize the possible outcomes of theses futures and plan the science needed to support the
most appropriate pathway, and to identify actions needed to improve the probability of a positive outcome.
Science should focus on process‐based knowledge generation (Crowley, 2013) to support a reactive or proac-
tive pathway. Overstating or sensationalizing research ﬁndings may seem appealing to individuals or insti-
tutions due to funding or promotional systems (Hein et al., 2018); however, a potential outcome is distrust.
Rising distrust could restrict the ability of scientists and scientiﬁc institutions to fulﬁll their roles and respon-
sibilities to society. Rigorous and robust research ﬁndings into the impacts of climate change on environ-
mental processes and resulting management actions are important in selecting the correct pathway and to
prioritize new investigations into issues with the highest risk (Figure 3; Gupta, 2016; Kabat, 2017).
Maintaining the integrity of climate change science with transparency, thorough peer review, and trust-
worthy communications will increase the effectiveness of science in assisting society to prepare and the
future well‐being of the planet (Barbier et al., 2018).
Public perceptions and trust in climate science suffered in the wake of “climategate” (the unauthorized dis-
closure of e‐mails between scientists in the United Kingdom and United States and active campaigns to mis-
represent the content of some of those e‐mails; Garud et al., 2014). A high public regard, however, remains
for scientists and climate science (Leiserowitz et al., 2013). The ability of scientists to play a role in climate
change decision‐making relies on their capacity to provide credible information in a timely manner and
when appropriate, which facilitates the development of trust among stakeholders (Anonymous, 2010;
Lacey et al., 2018), and will be inﬂuenced by the response pathway followed in Figure 1 and its success. A
loss of trust will reduce the inﬂuence of scientiﬁc information and the role of scientists in decision‐making.
Therefore, following pathways of response that foster trust in science and scientists will be important for
understanding and acting on climate change in the future. Successful and effective scientiﬁc input into a sec-
tor not only increases trust and demand for science, but ideally makes the sector more successful and sus-
tainable, increasing its capacity to support science (Pielke, 2007).
Scientists and scientiﬁc institutions need to envision the future of climate science and assess possible scenar-
ios that can unfold under global environmental change. Reﬂecting on the responses that scientists and scien-
tiﬁc institutions could take to these future scenarios could not only provide a basis for strategically assessing
the possible outcomes of each pathway but also allow scientists and scientiﬁc institutions to guide their
choice of pathway to better prepare for global environmental change.
References
Abella‐Perez, E., Marco, A., Martins, S., & Hawkes, L. A. (2016). Is this what a climate change‐resilient population of marine turtles looks
like? Biological Conservation, 193, 124–132. https://doi.org/10.1016/j.biocon.2015.11.023
Amelung, B., & Nicholls, S. (2014). Implications of climate change for tourism in Australia. Tourism Management, 41, 228–244. https://doi.
org/10.1016/j.tourman.2013.10.002
Anonymous (2010). A question of trust. Nature, 466(7302), 7. https://doi.org/10.1038/466007a
Arvai, J. L., Gregory, R., Ohlson, D., Blackwell, B. A., & Gray, R. W. (2006). Letdowns, wake‐up calls, and constructed preferences: People's
responses to fuel and wildﬁre risks. Journal of Forestry, 104, 173–181.
Aslam, A. Q., Ahmad, I., Ahmad, S. R., Hussain, Y., Hussain, M. S., Shamshad, J., & Zaidi, S. J. A. (2018). Integrated climate change risk
assessment and evaluation of adaptation perspective in southern Punjab, Pakistan. Science of the Total Environment, 628‐629, 1422–1436.
https://doi.org/10.1016/j.scitotenv.2018.02.129
10.1029/2018EF000990Earth's Future
MCDONALD ET AL. 69
Acknowledgments
This manuscript is a conceptual work,
and there is no additional data to
declare. The authors would like to
thank the members of our team who
did not contribute to this paper but
were part of discussions over the period:
Tony Smith, Rich Little, Dale Kolody,
Jeffrey M. Dambacher, and John
Parslow. We would also like to thank
David Karoly for his feedback on an
earlier version of this manuscript.
Barange, M., Merino, G., Blanchard, J. L., Scholtens, J., Harle, J., Allison, E. H., et al. (2014). Impacts of climate change on marine eco-
system production in societies dependent on ﬁsheries. Nature Climate Change, 4, 211–216. https://doi.org/10.1038/nclimate2119
Barbier, M., Reitz, A., Pabortsava, K., Wölﬂ, A.‐C., Hahn, T., & Whoriskey, F. (2018). Ethical recommendations for ocean observation.
Advances in Geosciences, 45, 343–361. https://doi.org/10.5194/adgeo‐45‐343‐2018
Bardsley, D., & Sweeney, S. G. (2010). Climate change adaptation within vulnerable natural resource management systems. Environmental
Management, 45(5), 1127–1141. https://doi.org/10.1007/s00267‐010‐9487‐1
Beall, L., Myers, T. A., Kotcher, J. E., Vraga, E. K., Maibach, E. W., & Wilsdon, J. (2017). Controversy matters: Impacts of topic and
solution controversy on the perceived credibility of a scientist who advocates. PLoS One,
12(11). https://doi.org/10.1371/journal.pone.0187511
Bell, J. D., Cisneros‐Montemayor, A., Hanich, Q., Johnson, J. E., Lehodey, P., Moore, B. R., et al. (2017). Adaptations to maintain the
contributions of small‐scale ﬁsheries to food security in the Paciﬁc Islands. Marine Policy, 88, 303–314. https://doi.org/10.1016/j.
marpol.2017.05.019
Bell, J. D., Ganachaud, A., Gehrke, P. C., Grifﬁths, S. P., Hobday, A. J., Hoegh‐Guldberg, O., et al. (2013). Mixed responses of tropical Paciﬁc
ﬁsheries and aquaculture to climate change. Nature Climate Change, 3(6), 591–599. https://doi.org/10.1038/nclimate1838
Blasiak, R., Spijkers, J., Tokunaga, K., Pittman, J., Yagi, N., & Osterblom, H. (2017). Climate change and marine ﬁsheries: Least developed
countries top global index of vulnerability. PLoS One, 12(6). https://doi.org/10.1371/journal.pone.0179632
Bohensky, E., Butler, J., Costanza, R., Bohnet, I., Delisle, A., Fabricius, K., et al. (2011). Future makers or future takers? A scenario analysis
of climate change and the great barrier reef. Global Environmental Change, 21(3), 876–893. https://doi.org/10.1016/j.
gloenvcha.2011.03.009
Boyd, E., Nykvist, B., Borgström, S., & Stacewicz, I. (2015). Anticipatory governance for social‐ecological resilience. Ambio, 44, 149–161.
https://doi.org/10.1007/s13280‐014‐0604‐x
Campbell, B. (2014). Climate change: Call for UN to act on food security. Nature, 509(7500), 288. https://doi.org/10.1038/509288c
Cheung, W., Reygondeau, G., & Frolicher, T. (2016). Large beneﬁts to marine ﬁsheries of meeting the 1.5 °C global warming target. Science,
354(6319), 1591–1594. https://doi.org/10.1126/science.aag2331
Clausen, K. K., & Caulsen, P. (2014). Forecasting future drowning of coastal waterbird habitats reveals a major conservation concern.
Biological Conservation, 171, 177–185. https://doi.org/10.1016/j.biocon.2014.01.033
Clémençon, R. (2016). The two sides of the Paris climate agreement: Dismal failure or historic breakthrough? Journal of Environment &
Development, 25(1), 3. https://doi.org/10.1177/1070496516631362
Cook, C. N., Inayatullah, S., Burgman, M. A., Sutherland, W. J., & Wintle, B. A. (2014). Strategic foresight: How planning for the unpre-
dictable can improve environmental decision‐making. Trends in Ecology & Evolution, 29(9), 531–541. https://doi.org/10.1016/j.
tree.2014.07.005
Cornwall, W. (2015). Inside the Paris climate deal. Science, 350(6267), 1451. https://doi.org/10.1126/science.350.6267.1451
Crowley, J. (2013). Biodiversity and climate change: Ethics and science. International Social Science Journal, 64(211–212), 9–17. https://doi.
org/10.1111/issj.12062
Dawson, T., Perryman, A., & Osborne, T. (2016). Modelling impacts of climate change on global food security. Climatic Change, 134(3),
429–440. https://doi.org/10.1007/s10584‐014‐1277‐y
Descombes, P., Wisz, M. S., Leprieur, F., Parravicini, V., Heine, C., Olsen, S. M., et al. (2015). Forecasted coral reef decline in marine
biodiversity hotspots under climate change. Global Change Biology, 21(7), 2479–2487. https://doi.org/10.1111/gcb.12868
Deutsch, C., Ferrel, A., Seibel, B., Portner, H.‐O., & Huey, R. (2015). Climate change tightens a metabolic constraint on marine habitats.
Science, 348(6239), 1132–1135. https://doi.org/10.1126/science.aaa1605
Dutra, L. X. C., Ellis, N., Perez, P., Dichmont, C. M., de la Mare, W., & Boschetti, F. (2014). Drivers inﬂuencing adaptive management: A
retrospective evaluation of water quality decisions in South East Queensland (Australia).Ambio, 43, 1069–1081. https://doi.org/10.1007/
s13280‐014‐0537‐4
Elliot, J., Deryng, D., Müller, C., Frieler, K., Konzmann, M., Gerten, D., et al. (2014). Constraints and potentials of future irrigation water
availability on agricultural production under climate change. Proceedings of the National Academy of Sciences, 111, 3239–3244. https://
doi.org/10.1073/pnas.1222474110
Etkin, D., Medalye, J. & Higuchi, K. (2012). Climate warming and natural disaster management: An exploration of the issuesn.d. Climatic
Change, 112(3), 585‐599. https://doi.org/10.1007/s10584‐011‐0259‐6
Fazey, I., Wise, R., Lyon, C., Campeanu, C., Moug, P., & Davies, T. (2015). Past and future adaptation pathways. Climate and Development,
8(1), 26–44. https://doi.org/10.1080/17565529.2014.989192
Finke, T., Gilchrist, A., &Mouzas, S. (2016). Why companies fail to respond to climate change: Collective inaction as an outcome of barriers
to interaction. Industrial Marketing Management, 58, 94–101. https://doi.org/10.1016/j.indmarman.2016.05.018
Francis, T. B., Levin, P. S., & Harvey, C. J. (2011). The perils and promise of futures analysis in marine ecosystem‐based management.
Marine Policy, 35(5), 675–681. https://doi.org/10.1016/j.marpol.2011.02.008
Frost, M., Baxter, J., Buckley, P., Dye, S., & Stoker, B. (2017). Reporting marine climate change impacts: Lessons from the science‐policy
interface. Environmental Science and Policy, 78, 114–120. https://doi.org/10.1016/j.envsci.2017.10.003
Funtowicz, S. O., & Ravetz, J. R. (1990). Uncertainty and Quality in Science for Policy. Dordrecht: Springer. https://doi.org/10.1007/978‐94‐
009‐0621‐1
Galetti, M., & Costa‐Pereira, R. (2017). Scientists need social media inﬂuencers. Science, 357(6354), 880–881. https://doi.org/10.1126/
science.aao1990
Garud, R., Gehman, J., &Karunakaran, A. (2014). Boundaries, breaches, and bridges: The case of Climategate.Research Policy, 43(1), 60–73.
https://doi.org/10.1016/j.respol.2013.07.007
Gleick, P. H., Adams, R. M., Amasino, R. M., Anders, E., Anderson, D. J., Anderson, W.W., et al. (2010). Climate change and the integrity of
science. Science, 328(5979), 689–690. https://doi.org/10.1126/science.328.5979.689
Grant, E. H. C., Muths, E., Katz, R. A., Canessa, S., Adams, M. J., Ballard, J. R., et al. (2017). Using decision analysis to support proactive
management of emerging infectious wildlife diseases. Frontiers in Ecology and the Environment, 15(4), 214–221. https://doi.org/10.1002/
fee.1481
Grieve, B. D., Curchitser, E. N., & Rykaczewski, R. R. (2016). Range expansion of the invasive lionﬁsh in the Northwest Atlantic with
climate change. Marine Ecology Progress Series, 546, 225–237. https://doi.org/10.3354/meps11638
Groeneveld, R. A., Bartelings, H., Börger, T., Bosello, F., Buisman, E., Delpiazzo, E., et al. (2018). Economic impacts of marine ecological
change: Review and recent contributions of the VECTORS project on Europeanmarine waters. Estuarine, Coastal and Shelf Science, 201,
152–163. https://doi.org/10.1016/j.ecss.2016.04.002
10.1029/2018EF000990Earth's Future
MCDONALD ET AL. 70
Guiot, J., & Cramer, W. (2016). Climate change: The 2015 Paris agreement thresholds and Mediterranean basin ecosystems. Science,
354(6311), 465–468. https://doi.org/10.1126/science.aah5015
Gupta, J. (2016). Climate change governance: History, future, and triple‐loop learning? Wiley Interdisciplinary Reviews: Climate Change,
7(2), 192–210. https://doi.org/10.1002/wcc.388
Hammoud, M., & Nash, D. (2014). What corporations do with foresight? European Journal of Futures Research, 2(1), 1–20. https://doi.org/
10.1007/s40309‐014‐0042‐9
Hein, C. J., Ten Hoeve, J. E., Gopalakrishnan, S., Livneh, B., Adams, H. D., Marino, E. K., & Weiler, C. S. (2018). Overcoming early career
barriers to interdisciplinary climate change research. Wiley Interdisciplinary Reviews: Climate Change,
9(5). https://doi.org/10.1002/wcc.530
Hewitt, J. E., Ellis, J. I., & Thrush, S. F. (2016). Multiple stressors, nonlinear effects and the implications of climate change impacts on
marine coastal ecosystems. Global Change Biology, 22(8), 2665–2675. https://doi.org/10.1111/gcb.13176
Higgins, P. A. T. (2014). Climate Change Risk Management. An AMS Policy Program Study. Washington, DC: The American Meteorological
Society.
Hobday, A. J., Chambers, L. E. & Arnould, J. P. Y. (2015). Methods to prioritise adaptation options for iconic seabirds and marine mammals
impacted by climate change. In Applied Studies in Climate Adaptation. (Chap. 2, pp. 77–94). Chichester, UK: JohnWiley. https://doi.org/
10.1002/9781118845028.ch10
Hobday, A. J., & Cvitanovic, C. (2017). Preparing Australian ﬁsheries for the critical decade—Insights from the past 25 years.Marine and
Freshwater Research, 68(10), 1779–1787. https://doi.org/10.1071/MF16393
Hobday, A. J., Spillman, C. M., Eveson, J. P., & Hartog, J. R. (2016). Seasonal forecasting for decision support in marine ﬁsheries and
aquaculture. Fisheries Oceanography, 25(S1), 45–56. https://doi.org/10.1111/fog.12083
Hoegh‐Guldberg, O., Poloczanska, E. S., Skirving, W., & Dove, S. (2017). Coral reef ecosystems under climate change and ocean acidiﬁ-
cation. Frontiers in Marine Science, 4, 158. https://doi.org/10.3389/fmars.2017.00158
Holland, G., & Pugh, D. T. (2010). Troubled Waters: Ocean Science and Governance. Cambridge, UK, and New York: Cambridge
University Press.
IPCC (2007). In Core Writing Team, R. K. Pachauri, & A. Reisinger (Eds.), Climate Change 2007: Synthesis Report. Contribution of Working
Groups I, II and III to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change (p. 104). Geneva, Switzerland:
IPCC.
IPCC (2014). In Core Writing Team, R. K. Pachauri, & L. A. Meyer (Eds.), Climate Change 2014: Synthesis Report. Contribution of Working
Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (p. 151). Geneva, Switzerland: IPCC.
Isaac, J. L., & Williams, S. E. (2013). Climate change and extinctions. In Is Part of: Encyclopedia of Biodiversity (pp. 73–78). San Diego, CA:
Elsevier Inc.
Jackson, L. C., Smith, R. S., & Wood, R. A. (2017). Ocean and atmosphere feedbacks affecting AMOC hysteresis in a GCM. Climate
Dynamics, 49(1–2), 173–191. https://doi.org/10.1007/s00382‐016‐3336‐8
Jones, N., & Clark, J. (2014). Social capital and the public acceptability of climate change adaptation policies: A case study in Romney
marsh, UK. Climatic Change, 123(2), 133–145. https://doi.org/10.1007/s10584‐013‐1049‐0
Kabat, G. C. (2017). Taking distrust of science seriously: To overcome public distrust in science, scientists need to stop pretending that there
is a scientiﬁc consensus on controversial issues when there is not. EMBO Reports, 18(7), 1052–1055. https://doi.org/10.15252/
embr.201744294
Lacey, J., Howden, M., Cvitanovic, C., & Colvin, R. (2018). Understanding and managing trust at the climate science‐policy interface.
Nature Climate Change, 8, 22–28. https://doi.org/10.1038/s41558‐017‐0010‐z
Leiserowitz, A., Maibach, E., Roser‐Renouf, C., Smith, N., & Dawson, E. (2013). Climategate, public opinion, and the loss of trust. The
American Behavioral Scientist, 57(6), 818. https://doi.org/10.1177/0002764212458272
Lewandowsky, S., Oreskes, N., Risbey, J. S., Newell, B. R., & Smithson, M. (2015). Seepage: Climate change denial and its effect on the
scientiﬁc community. Global Environmental Change, 33, 1–13. https://doi.org/10.1016/j.gloenvcha.2015.02.013
Mahapatra, S. K., & Ratha, K. C. (2017). Paris climate accord: Miles to go. Journal of International Development, 29(1), 147–154. https://doi.
org/10.1002/jid.3262
Maibach, E., Myers, T., & Leiserowitz, A. (2014). Climate scientists need to set the record straight: There is a scientiﬁc consensus that
human‐caused climate change is happening. Earth's Future, 2(5), 295–298. https://doi.org/10.1002/2013EF000226
Maury, O., Campling, L., Arrizabalaga, H., Aumont, O., Bopp, L., Merino, G., et al. (2017). From shared socio‐economic pathways (SSPs) to
oceanic system pathways (OSPs): Building policy‐relevant scenarios for global oceanic ecosystems and ﬁsheries. Global Environmental
Change, 45, 203–216. https://doi.org/10.1016/j.gloenvcha.2017.06.007
McCauley, D., Pinsky, M., Palumbi, S., Estes, J., Joyce, F. & Warner, R. (2015). Marine defaunation: Animal loss in the global ocean.
Science, 347(6219), 1255641. https://doi.org/10.1126/science.1255641
McDonald, K. S., Hobday, A. J., Fulton, E. A., & Thompson, P. A. (2018). Interdisciplinary knowledge exchange across scales in a globally
changing marine environment. Global Change Biology, 24(7), 3039–3054. https://doi.org/10.1111/gcb.14168
McDowell, N. G., Williams, A. P., Xu, C., Pockman, W. T., Dickman, L. T., Sevanto, S., et al. (2016). Multi‐scale predictions of massive
conifer mortality due to chronic temperature rise. Nature Climate Change, 6(11), 1048–1048. https://doi.org/10.1038/
NCLIMATE3143
McNamara, D., Murray, A., & Smith, M. (2011). Coastal sustainability depends on how economic and coastline responses to climate change
affect each other. Geophysical Research Letters, 38, L07401. https://doi.org/10.1029/2011GL047207
Melvin, A. M., Larsen, P., Boehlert, B., Neumann, J. E., Chinowsky, P., Espinet, X., et al. (2017). Climate change damages to Alaska public
infrastructure and the economics of proactive adaptation. Proceedings of the National Academy of Sciences of the United States of America,
114(2), E122–E131. https://doi.org/10.1073/pnas.1611056113
Morgan, M., & Mellon, C. (2011). Certainty, uncertainty, and climate change. Climatic Change, 108(4), 707–721. https://doi.org/10.1007/
s10584‐011‐0184‐8
Morris, R. L., Konlechner, T. M., Ghisalberti, M., & Swearer, S. E. (2018). From grey to green: Efﬁcacy of eco‐engineering solutions for
nature‐based coastal defence. Global Change Biology, 24, 1827–1842. https://doi.org/10.1111/gcb.14063
Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. V., et al. (2018). Ocean warming brings longer and
more frequent marine heatwaves. Nature Communications. https://doi.org/10.1038/s41467‐018‐03732‐9
van Oppen, M. J. H., Oliver, J. K., Putnam, H. M., & Gates, R. D. (2017). Building coral reef resilience through assisted evolution.
Proceedings of the National Academy of Sciences of the United States of America, 112(8), 2307–2313. https://doi.org/10.1073/
pnas.1422301112
10.1029/2018EF000990Earth's Future
MCDONALD ET AL. 71
Park, S., Marshall, N., Jakku, E., Dowd, A.‐M., Howden, M., Mendham, E., & Fleming, A. (2016). Informing adaptation responses to climate
change through theories of transformation. Global Environmental Change, 22(1), 115–126. https://doi.org/10.1016/j.
gloenvcha.2011.10.003
Patrick, K. (2015). Physicians and climate change policy: We are powerful agents of change. Canadian Medical Association Journal, 187(5),
307–307. https://doi.org/10.1503/cmaj.150139
Pendleton, L., King, P., Mohn, C., Webster, D., Vaughn, R., & Adams, P. (2011). Estimating the potential economic impacts of climate
change on Southern California beaches. Climatic Change, 109(1), 277–298. https://doi.org/10.1007/s10584‐011‐0309‐0
Pielke, R. Jr. (2007). The Honest Broker: Making Sense of Science in Policy and Politics. Cambridge: Cambridge University Press.
Piirainen, K. A., Andersen, A. D., & Andersen, P. D. (2016). Foresight and the third mission of universities: The case for innovation system
foresight. Foresight, 18(1), 24–40. https://doi.org/10.1108/FS‐04‐2014‐0026
Pincock, S. (2009). Climate scientist ﬁred for talking to media. Nature. https://doi.org/10.1038/news.2009.410
van Putten, I. E., Frusher, S., Fulton, E. A., Hobday, A. J., Jennings, S. M., Metcalf, S., & Pecl, G. T. (2016). Empirical evidence for different
cognitive effects in explaining the attribution of marine range shifts to climate change. ICES Journal of Marine Science, 73(5), 1306–1318.
https://doi.org/10.1093/icesjms/fsv192
Rabinovich, A., &Morton, T. (2012). Unquestioned answers or unanswered questions: Beliefs about science guide responses to uncertainty
in climate change risk communication. Risk Analysis, 32(6), 992–1002. https://doi.org/10.1111/j.1539‐6924.2012.01771.x
Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O'neill, B. C., Fujimori, S., et al. (2017). The shared socioeconomic pathways and
their energy, land use, and greenhouse gas emissions implications: An overview. Global Environmental Change, 42, 153–168. https://doi.
org/10.1016/j.gloenvcha.2016.05.009
Ripple, W. J., Wolf, C., Newsome, T. M., Galetti, M., Alamgir, M., Crist, E., et al. (2017). World scientists' warning to humanity: A second
notice. Bioscience, 67(12), 1026–1028. https://doi.org/10.1093/biosci/bix125
Rizzi, J., Torresan, S., Critto, A., Zabeo, A., Brigolin, D., Carniel, S., et al. (2016). Climate change impacts on marine water quality: The case
study of the northern Adriatic Sea. Marine Pollution Bulletin, 102(2), 271–282. https://doi.org/10.1016/j.marpolbul.2015.06.037
Rodríguez‐Labajos, B. (2013). Climate change, ecosystem services, and costs of action and inaction: Scoping the interface. WIREs Climate
Change, 4, 555–573. https://doi.org/10.1002/wcc.247
Rogers, A., Harborne, A., Brown, C., Bozec, Y.‐M., Castro, C., Chollett, I., et al. (2015). Anticipative management for coral reef ecosystem
services in the 21st century. Global Change Biology, 21(2), 504–514. https://doi.org/10.1111/gcb.12725
Rosenschöld, M. A. J., Rozema, J. G., & Frye‐Levine, L. A. (2014). Institutional inertia and climate change: A review of the new institu-
tionalist literature. WIREs Climate Change, 5, 639–648. https://doi.org/10.1002/wcc.292
Rosenzweig, C., Elliott, J., Deryng, D., Ruane, A. C., Müller, C., Arneth, A., et al. (2014). Assessing agricultural risks of climate change in
the 21st century in a global gridded crop model intercomparison. Proceedings of the National Academy of Sciences of the United States of
America, 111, 3268–3273. https://doi.org/10.1073/pnas.1222463110
Salinger, J., Hobday, A. J., Matear, R. J., O'Kane, T. J., Risbey, J. S., Dunstan, P. K., et al. (2016). Decadal‐scale forecasting of climate drivers
for marine applications. Advances in Marine Biology, 74, 1–68. https://doi.org/10.1016/bs.amb.2016.04.002
Sanderson, B. M., O'Neill, B. C., & Tebaldi, C. (2016). What would it take to achieve the Paris temperature targets? Geophysical Research
Letters, 43, 7133–7142. https://doi.org/10.1002/2016GL069563
Santidrián‐Tomillo, P., Genovart, M., Paladino, F. V., Spotila, J. R., & Oro, D. (2015). Climate change overruns resilience conferred by
temperature‐dependent sex determination in sea turtles and threatens their survival. Global Change Biology, 21(8), 2980–2988. https://
doi.org/10.1111/gcb.12918
Selmer‐Anderssen, S., & Karlsen, J. (2016). Foresighting organizational learning equilibrium in European universities. European Journal of
Futures Research, 4(1), 1–10. https://doi.org/10.1007/s40309‐016‐0108‐y
Shakhashiri, B. Z., & Bell, J. A. (2014). Climate change and our responsibilities as chemists. Arabian Journal of Chemistry, 7(1), 5–9. https://
doi.org/10.1016/j.arabjc.2013.10.004
Siebert, J., & Kunz, R. (2016). Developing and validating the multidimensional proactive decision‐making scale. European Journal of
Operational Research, 249(3), 864–877. https://doi.org/10.1016/j.ejor.2015.06.066
Smith, L. A., & Stern, N. (2011). Uncertainty in science and its role in climate policy. Philosophical Transactions of the Royal Society A,
369(1956), 4818–4841. https://doi.org/10.1098/rsta.2011.0149
Snover, A. K., Mantua, N. J., Littell, J. S., Alexander, M. A., Mcclure, M. M., & Nye, J. (2013). Choosing and using climate‐change scenarios
for ecological‐impact assessments and conservation decisions. Conservation Biology, 27(6), 1147–1157. https://doi.org/10.1111/
cobi.12163
Stephenson, R. L., Benson, A. J., Brooks, K., Charles, A., Degnbol, P., Dichmont, C. M., et al. (2017). Practical steps toward integrating
economic, social and institutional elements in ﬁsheries policy and management. ICES Journal of Marine Science. https://doi.org/
10.1093/icesjms/
Stern, P. C., Perkins, J. H., Sparks, R. E., & Knox, R. A. (2016). Global change research. The challenge of climate‐change neoskepticism.
Science, 353(6300), 653–654. https://doi.org/10.1126/science.aaf6675
Stockdale, L. P. D. (2013). Imagined futures and exceptional presents: A conceptual critique of “proactive security”. Global Change, Peace &
Security, 1–17. https://doi.org/10.1080/14781158.2013.774342
Stuart‐Smith, R. D., Edgar, G. J., Barrett, N. S., Kininmonth, S. J., & Bates, A. E. (2015). Thermal biases and vulnerability to warming in the
world's marine fauna. Nature, 528(7580), 88–92. https://doi.org/10.1038/nature16144
Thomson, R. B., Alderman, R. L., Tuck, G. N., & Hobday, A. J. (2015). Effects of climate change and ﬁsheries bycatch on shy albatross
(Thalassarche cauta) in southern Australia. PLoS One, 10(6), e0127006. https://doi.org/10.1371/journal.pone.0127006
Toimil, A., Losada, I. J., Camus, P., & Díaz‐Simal, P. (2017). Managing coastal erosion under climate change at the regional scale. Coastal
Engineering, 128, 106–122. https://doi.org/10.1016/j.coastaleng.2017.08.004
Tommasi, D., Stock, C., Hobday, A. J., Methot, R., Kaplan, I., Eveson, P., et al. (2017). Managing living marine resources in a dynamic
environment: The role of seasonal to decadal climate forecasts. Progress in Oceanography, 152, 15–49. https://doi.org/10.1016/j.
pocean.2016.12.011
United Kingdom Cabinet Ofﬁce (2017). National risk register of civil emergencies. https://www.gov.uk/government/collections/national‐
risk‐register‐of‐civil‐emergencies
van Vuuren, D., Edmonds, J. A., Kainuma, M., Riahi, K., Thomson, A. M., Hibbard, K. A., et al. (2011). The representative concentration
pathways: An overview. Climatic Change, 109(1–2). https://doi.org/10.1007/s10584‐011‐0148‐z
Walters, C. (1997). Challenges in adaptive management of riparian and coastal ecosystems. Conservation Ecology, 1(2), 1.
Watson, J. (2016). Bring climate change back from the future. Nature, 534(7608), 437. https://doi.org/10.1038/534437a
10.1029/2018EF000990Earth's Future
MCDONALD ET AL. 72
Weatherdon, L., Magnan, A., Rogers, A., Sumaila, U., & Cheung, W. (2016). Observed and projected impacts of climate change on marine
ﬁsheries, aquaculture, coastal tourism, and human health: An update. Frontiers in Marine Science, 3, 48. https://doi.org/10.3389/
fmars.2016.00048
Wernberg, T., Russell, B. D., Moore, P. J., Ling, S. D., Smale, D. A., Campbell, A., et al. (2011). Impacts of climate change in a global hotspot
for temperate marine biodiversity and ocean warming. Journal of Experimental Marine Biology and Ecology, 400(1), 7–16. https://doi.
org/10.1016/j.jembe.2011.02.021
Wetzel, F. T., Kissling, W. D., Beissmann, H., & Penn, D. J. (2012). Future climate change driven sea‐level rise: Secondary consequences
from human displacement for island biodiversity. Global Change Biology, 18(9), 2707–2719. https://doi.org/10.1111/j.1365‐
2486.2012.02736.x
Wheeler, T., & von Braun, J. (2013). Climate change impacts on global food security. Science, 341(6145), 508–513. https://doi.org/10.1016/j.
gloenvcha.2013.12.002
Wickramasinghe, A., & Gamage, H. R. (2013). Competing for sustainability within carbon constrained world: A strategic climate change
planning framework. International Journal of Innovation and Sustainable Development, 7(1), 61–76. https://doi.org/10.1504/
IJISD.2013.052122
de Winter, R., & Ruessink, B. (2017). Sensitivity analysis of climate change impacts on dune erosion: Case study for the Dutch Holland
coast. Climatic Change, 141(4), 685–701. https://doi.org/10.1007/s10584‐017‐1922‐3
Wise, R. M., Fazey, I., Stafford Smith, M., Park, S. E., Eakin, H. C., Archer Van Garderen, E. R. M., & Campbell, B. (2014).
Reconceptualising adaptation to climate change as part of pathways of change and response.Global Environmental Change, 28, 325–336.
Yousefpour, R., Temperli, C., Jacobsen, J. B., Thorsen, B. J., Meilby, H., Lexer, M. J., et al. (2017). A framework for modeling adaptive forest
management and decision making under climate change. Ecology and Society, 22(4), 40. https://doi.org/10.5751/ES‐09614‐220440
10.1029/2018EF000990Earth's Future
MCDONALD ET AL. 73
